Risk severity in transportation network analysis is defined as the effects of a link or network fail-2 ure on the whole system. Change accessibility (reduction in the number of jobs which can be 
INTRODUCTION
such as links or nodes, which could cause the worst consequences for the transportation system if 23 they failed (8), and the likelihood of such failure. There are many different definitions of road 24 network vulnerability. 25 Berdica used serviceability to measure the consequences of incidents, and proposed that 26 vulnerability could be treated as a susceptibility to incidents, which shows the extent of service- 27 ability reduction caused by the incidents (9). Both probability and consequences of the failures 28 determine the vulnerability based on the definitions. Hence, to reduce vulnerability, a fail-safe ap-29 proach, which means to reduce the probability of the fails, and a safe-fail approach, which means 30 to reduce the negative effects result from the fails, are proposed (9). Nicholson and Du proposed a 31 similar definition, which also considered the probability of risks (10).
32
D'Este and Taylor defined vulnerability by measuring the accessibility changes, concerning 33 themselves only with the consequences of road network degradation but not probability of failure 34 (4)(11) . A node would be vulnerable if the degradation of a small number of links could not 35 significantly affect the accessibility of the node, while a link would be critical if the degradation of 36 this link could significant affect the accessibility of the whole network (12). They used the Hansen 37 integral accessibility index and developed a measure they called the Accessibility/Remoteness In-38 dex of Australia (ARIA) to measure the vulnerability of Australia National Transport Network 39 (12). Taylor also used these two index to measure the regional network vulnerability of the Green 40 Triangle Region in Australia (13). 41 In this study, we use accessibility to jobs and accessibility to workers as the indices to 42 measure the risk severity of freeways in the Minneapolis -St. Paul region. The paper is organized 43 as follows. Section 3 and section 4 show the methodology and data that we used in vulnerability 
5
TomTom speed data and the linked TomTom road network in Twin Cities is the first dataset, 6 which provide the basic geographical and transport information for the research. And the data were 7 acquired from TomTom by the Metropolitan Council. TomTom speed data is a dataset, which con-8 tains speed data that were aggregated and processed based on GPS data with high spatial coverage 9 on the road network, which shows the great spatial structure of their speed measurement. The GPS 10 data reflect driving patterns of drivers and are used to develop speed profiles for each road segment 11 (14).
12
According to the Functional Roadway Classifications, TomTom speed data were categories 13 into four sections, from FRC0 to FRC4 (15). For each classification, the speed data were also 14 separated based on different time periods of a day considering the traffic properties, such as peak 15 hours (Morning and evening), non-peak hours(daytime and overnight). Moreover, for each group 16 of time period, speed value was measured on different percentiles from 5 percent to 95 percent, in 17 which 5th percentile speed stands for the highest speed category that only 5 percent of the drivers 18 drive faster than, and the 95th percentile speed is the lowest speed category. 19 Since the vulnerability of freeways is the objective in this research, major arterials in Twin
20
Cities were chosen to analyze the vulnerability based on the FRCs, and the total number of links is 21 around 4,000. Moreover, accessibility changes in the before-and-after scenarios are the indexes to 22 evaluate the vulnerability. Hence, we chose the median speed (50th percentile speed) of morning 23 peak hours (7AM-9AM) to process the network analysis for searching the shortest travel time path.
24
The second data source is the 2010 Transportation Analysis Zone (TAZ) system in Twin
25
Cities developed by the Metropolitan Council. This data is a polygon shapefile that contains geo-26 graphic information of 7 counties in the Twin Cities region (16). 27 The third data source is the LODES data. It belongs to the Longitudinal Employer-household 
where D l stands for the accessibility changes. A is the weighted accessibility based on the 37 complete road network, while A l is the weighed accessibility when link l was removed from the 38 network.
39
Weighed accessibility is an integrated index, which combines the accessibility values of all the zones by using the population as the weights. Hence, the expression of the weighted accessi-1 bility is shown as,
where A i stands for the accessibility of the ith zone, while P i is the population of that zone. 3 We focused on commute patterns, and thus measured accessibility to jobs in the morning 4 peak hours, and the accessibility to workers in the evening peak hours in this study.
5
To measure the accessibility to jobs and to workers, we used the cumulative opportunity 6 measure (19) (20). The basic idea for this measure is to count the number of opportunities (jobs, 7 workers) that can be reached within a given time threshold (19) . The accessibility based on the 8 cumulative opportunity measure is calculated as:
Where O i stands for the opportunity ( jobs or workers in zone j), while C i j is the travel 10 time on the shortest travel time path between origin i and destination j. T is the predetermined 11 time threshold.
12
A time-weighted accessibility index is developed to combine the accessibility by time-of-13 day. The time-weighted accessibility is be expressed as,
where A i is the accessibility to jobs in the i th time period of a day, while T i is the average 15 number of trips per hour in the corresponding time period.
16
To compute the A l , ArcGIS was used to obtain the shortest travel time path with and without 
RESULTS

26
The risk severity measurement for the freeway segments in the Twin Cities are shown in Figure 1 The predetermined time threshold is a significant attribute in accessibility measurement. Hence, to 7 clarify how the predetermined time threshold affects the vulnerability analysis, we also calculated Table 1 . 
23
Betweenness quantifies the times of a node or a link in the network that is passed by the 24 shortest paths between OD pairs (27) . In this paper, the node or link represents the freeway seg-25 ment. Hence, the betweenness of a freeway segment could be expressed as
where Betweenness i stands for the betweenness measure for freeway segment i. n jk is the number 27 of shortest paths from j to k, while n jk (i) is the number of shortest paths from j to k that pass 28 through freeway segment i.
29
Straightness describes the differences between the shortest network distances and the Eu- 
where Straightness i represents the straightness measure for freeway segment i. δ jk is the Euclidean 33 distance between origin j and destination k, while d jk is the shortest network distance between the 34 OD pair. A similarly measure of the spatial efficiency is the network circuity, which is similar to the 35 straightness based on the definition(30). The difference is that the network straightness is defined 36 as the fraction of the sum of the shortest network distances and that of the Euclidean distance(23), which is expressed as
. Closeness i = 1
where d i j is the network distance of the shortest path between i and j(31). Two reasons may cause such a result. First, straightness tends to be higher for a longer trip since 19 the difference betweens the Euclidian distance and the trip distance is smaller. Second, shortest 20 distance path for a longer trip has a higher possibility that it is not the best route option. 21 And the signs for the closeness coefficient could not corroborate our hypothesis.
22
From the R 2 showed in Table 2 , it is obvious that only these three measures do not fully 23 explain risk severity. The model explains 15 percent of the risk severity based on accessibility to 24 workers during the afternoon peak hours at the 20 minutes time threshold, which is the highest R 2 25 we achieved. Hence, to explain risk severity, more attributes need to be added in the model, which 26 will be a focus of future research. Betweenness and straightness are significant factors explaining risk severity. And a link 7 with a higher betweenness and straightness tends to have a higher risk severity. The effects of 8 closeness on vulnerability could not be determined based on our current model. 9 This study assume that the removing of one link would not affect the speed in other links.
10
Future research should test this hypothesis and discover the the speed correlation matrix between 11 links. More attributes of network structure should be considered in future research to better explain 12 risk severity. 
